AD—-AO85 878 QUEEN MARY COLL LONDON (ENGLAND) DEPT OF MATERIALS F/6 11/%
ENVIRONMENTAL FAILURE OF ADHESIVE BONDING IN COMPOSITES.{U)
MAR 80 E H ANDREWSs H P SHENG» H A MAJID DA=ER0O~78-6~118

NL
"END
8-80
ome

UNCLASSIFIED




hae

ENVIRONMENTAL FAILURE OF
ADHESIVE BONDING IN COMPOSITES

FIRST ANNUAL REPORT
by

E.H. Andrews, Ho Ping Sheng, H.A. Majid
and C. Vlachos

March 1980

EUROPEAN RESEARCH OFFICE

United States Arnmy
London sngland

GRANT NO. DAERO/78/G/118

Department of Materials
Queen Mary College, Lcndon

Approved for Public Release; distribution unlimited

ltnhn " TSR N L P —— " ——— N T




".-(\.\blf1f*”

DTSR
' |
‘ !
EINR e OF REBOI T L R RGOR Ao oo ]
E'irst Armua“x fipal le<..,:;1~--.-;?§
- .nt 78 - 70 ]
--.r'?&'n?iin'é‘:,ﬁ o T
! YT o T T T T LA VATT O nn SV RONEET, T T
o E.H.[Aneveus Ho PingfSheng. A/Majidﬂ'.d DAFRO78-6-110  « . «
‘ C-/ V‘i«‘.(,?x".b ]
Y -——-—"—-*——J - . N R
9. PERF O 1G ORGANIZATION N AAE AND ALDRESS PSP TR ST REE
2 ~ T\ HUMBYE HE
Queen Mary Ceolleas —
: Bept of buterials “ilc Fnd Road ;"'I)l(’ZFEH i!/i
. London E.1. &S S ~ !
: 1. CON1HJ . ARD ADDRESS o = o
)
USARDS J |1 ferem 8 ;
. Box 65 T SenSTTTTTTTTT
FPO MY ¢ ) 17 o
EEN T AR SN )\O("PE'-' (l' \A\.:;m Co}:l: 1L, S70HITY CL.’\‘;S. “Lfthia ra,’wn,w ’ .;
[}
@ o} j i TCET T DOWGRA e
(5 BISTRIFG 1O STATERER (ol 15 Repcos B - R -
Approved for Public Relezse Digtributicndind-im 3 } . J
9 Annual rept. ),
- . 4 [}
i Sep  T8-Dec 7 L
17, DISTRIBU 104 STATEME ST fois PPPIT PO, ! F
}
15 DA-ERD-TR-
'l"s':-':"" B - - o - TR A A st s,
viTﬁ' EY w08t (0 dime o te.eian 848 (f mec e e '74,4‘7\727":7?;371-JL»E'I.'-}M-) - T )
i (u) Adarsive t.f‘w’.;i'ir.-j. (v} Cemnesite Materials :
o (u) Envivoroonted Foiture ; ]
(u) Fractuve Hechanics :
i
1 fo AT T AR T Tl i e Ty T e T
Eoofhis o tie faret soneal yepoetoundee o groad o LRLRG/ZS/CNR v :
compr pswd a8t CoteLer Y00 ety cownrs thl poriod '.rr Lt
cate up Lo 278 B cnear 152, 7’9,(, % '
T The ddanociien of Lhr Sndvevas o1 ) adhesion .c:‘(, provicely ,
uscd *'n cooxy oo adhesd POV epoxys T ieas honds T )

2571-15

]

h .o 4
PR "c_'.’_‘\" PR

|
o ; o e e
Leen policvena Tar cnnyy resins LY

\.'I:' (

R L T R e R R R L T L I AT L v Uy P

Y AR

e

Y

Y1133

2 R

e.a, Leatol




ﬁI’U“C1aSS1f1Cd

, SECURITY €L A% .1 ICATION OF THIS PAGE(When Dsta Entered).._

- ooy

Q§$= 719C). Partial success has been achieved for highl Yesins (e.g. SPZii).
This adaptation has required considerable scphistication of test-piece
geometry to prevent thermal contraction stresses shattering the glass
substrates during specimen preparation.

The effect of water immersion at 8096/%or various periods of time has been
studied for the system Epikote 828 pyrex glass in the absence of coupling
agents. The fracture mode becomes increasingly cohesive as. immersion time
increases and the peak in the curve of fracture energy versus crack speed
falls P ogress1ve]y Using Andrews' generalized theory, the adhesive fracture
[ “énergy /@) can be separated into its interfacial energy and dissipative
components. ,_The interfacial energy 85 is found to decreasezexponent1a11v
with time, fkom its cohesive value of approximately 2.6 J/m to scme 0.13
J/mc after 10§ h immersion at 80°C. The nature of fheudebrease is indicative
of a first order chenical hydrolysis reaction at the interface. éae value

of 0y after 10Q h is much less than the residual value (v 0.7 J/m°) for
similar trcatmenpts when the substrate is titonium metal rather than glass.

It suggests that spontaneous separation of resin from glass may eventually
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ENVIRONMENTAL FAILURE OF ADHESIVE BONDING IN COMPOSITES

by E.H. Andrews, Ho Ping Sheng,H.A. Majid and C. Vlachos
Department of Materials
Cueen Mary College
Mile End Road
London El 4NS, England.

SUMMARY

This is the first annual rep;rt under grant No. DAER0O/78/G/118 which
commenced on lst October 1978. The report covers the period from that date
up to 3lst December 1979. '

The adaptation of the Andrews-Stevenson (A-S) adhesion test, previousiy
used for epoxy to metal adhesive systems, irr epoky—to—glass bcnds has been
achieved for epoxy resins having relatively'low Tg's (e.g. Epikote 828,

Tg = 7l°C). Partial success has been achievgd for high Tg resins (e.g. SP250).
This adaptation has fequired considerable sophistication of test-piece
geometry to prevent thermal contraction stresses ﬁhattering the glass substrates

during specimen preparation.

The effect of water immersion at 80°C. for various periods of time has been

stud-:i}:d for the system Epikote 828 f pyrex glass in the absence of couplz';ng

—_—

agents. The fracture mode becomes increasingly cohesive as immersion time
increases and the peak in the curve of fracture energy versus crack speed
falls progressively. Using Andrews' generalized theory, the adﬁesive

fracture energy @ can be separated into its interfacial enefgy and dissipative
componeqfs. “The interfacial energy Oo is found to decrease exponentially
with time, from its cohesive value of approximately 2.€ J/m2 to some 0.13 J/m2
after 100 h immersion at 80°C. The nature of the decrease is indicative

of a first order chemical hydrolysis reaction at the interface. The value

of 9° after 100 h is much less than the residual value (Vv 0.7 J/mz) for
similar treatments when the sutstrate is titanium retal rather than glarss.

It suggests that spontaneous separation of resin from glass may eventually cccur.
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. was also found upon Go [2]. It was possible to make the following

1. INTRODUCTION

Cbnsiderable success has been achieved in studying epoxy
resin-to-metal bonding by the use of plane-strain testing technique
for adhesive bonds due to Andrews and Stevenson [1]. We shall refer
to this test as the A-S test. The method involves the inflation by
#ir pressure of an otherwise totally enclosed, penny shaped, crack
situated at the interface between a substrate and a block of

adhesive. The adhesive fracture energy (0) is obtained from the

specimen dimensions and the critical pressure for fracture [1].
Because epoxy resins exhibit rate-sensitive fracture behaviour, the |
velocity of the fracture front has been measured for each test uging
high-speed photography. .

In studies of an epoxy resin (Shell Epikote 828) adhering to
untreated titanium metal, it has been possible tQ’determine the.
dependence of © upon ¢ (crack velocity) and thence to deduce the atomic
binteraction energy 00 at the interface and its variation with time and
termperature of immersion in water. A marked effect of water levalue

‘deducations:-
1) The initial ’‘dry' value of 00 was some ten times the valué expected
from Van der wWaals bonding at the interface. This can ke
interpreted as meaning that some 9% of the interfacial bonds are primary
bonds . )
11)&The destruction of the interfacial bonding by water is avfirst-
order chemical hydrolysis reaction whose rate-constants are

derived. The rate constant is considerably larger for acid

than for alkaline conditions. .o
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iii) The probable chemistry of interfacial degradation is an acid
catalysed hydrolysis of ether linkages between the resin and
the oxiéised Ti surface.
The puépose of the current studies on epoxy-to-glass bonds ic
to repeat the kind of experiments carried out with metals and
derive similar information. In particular we wished to see . hether
the degradation of interfacial bonds in aqueous environments followed
a similar pattern to that estéblished for titanium and to see how
coupling agents rodify this process. These results are expected to

throw light on the bonding in glass reinforced thermoplastics and its

deterioration in aqueous environments,

2. MATERIALS
The two resins empleyed are:-

a) a diglycidyl ether of bisphenol A, of molecular mass v 370

(Sshell Epikote 828), cured by a hardener consisting of a blend of

two cycloaliphatic amines with added benzyl alcohcl as an accelerator

{Sshell Epikure 114). After outgassing at 60-70°C the components

were mixed in the stoichiometric ratio of five parts of resin to twc

parts of hardener. After casting, specimens were left fo gel at
room temperature for 24h.. and postcured at 130°% for 1.5h. This
procedure was found to give a maximum glass transition temperature

(711°c). Final cooling was carried out at o.SOC/minute.

b) A two-component resin manufactured by 3M's Corporation and denoted
SZ?SO. The catalyst system is a ﬁixture of an unspecified
accelerator and "dicy"( (NHz)2 C=N~-CZN) in the form of a
crystalline powder. The resin was heated to 80°C, mixed thoroughly
and transferred to small glass containers for subsequent use., The
resin was stored at -1o°c. Mixes were prepared for casting by

heating to 88°C and adding 12.83 parts by weight of catalyst to

every 100 parts of resin. (This gives 11.37% by weight of catalyst,




containing 7.54% of "dicy" and 3.83% of accelerator). The mix was

homogenized using a 'lightning’ mixer for 5 to 10 minutes. ’

Destang §

The temperature was allowed to drop to 82°é before casting
Z (this is the manufacturers' ‘normal use' temperature). Curing is
‘ . recommended at 127°C for 2h. To control exothermic heat generation
and foaming we are currently using the following procedure.
a) Leave cast specimens at room temperature for 24h.

b) Heat to 95°¢C and hold fbr'2h at 95°¢

c) Heat at 3°C/min. to 127°¢ and hold for 2h.
@) cool at 3°C/min.

The effect of varying the cure cycle on adhesive properties |
will be studied in due course. :

3. THE RESIN-GLASS TESTPIECE

Great difficulty has been encountered in constructing resin/glass
test specimens similar to those used routinely for resin/metal

‘studies. The reason for this lies in the proneness of the glass to

brittle fracture induced either by the 'inflation' pressure during the

- Esst or by differential thermal contraction of the resin.

-~
~.
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After various test-piece configurations had been tried, the problenm
of fracture under the inflating pressure during test was finalily
3 solved by cementing'the.glass csheet to a metal base block by means
of ‘instant glue'.

The problem of fracture due to thermal contractior. has proved

mo;ékintfactable. With Epikote 828 resin with a Tg of 71°C no fracture '
occurs during specimen preparation, but exposure to water eventually
produces a cone fracture in the glass after the de-bonding boundary
has penctrated inwards by a critical distance. Vi

The difficulty was eventually overcome in the following manner.

a) Low Tg epoxy resin (Epikote €28). The original specimen design (Fig.l)

- - - - -wwnr anen —
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was modified as shown in Fig.2. The major difference is that the
outer circumference of the cast epoxy block is no longer in
contact with the glass surface but is carried instead on a stéel '
'washer*' which is itself attached to the glass by a thin layer of
the epoxy resin. The differential thermal contraction of the glass
#nd resin gives rise to shear stresses, estimated by photoelastic
measurements (see Fig.3) at some 4.7 MN/mz, which reach theix
maximum value at the outer edges of the epoxy block. With the
modified design of specimen these maximum shear stresses are
carried by the annular metal washer rather than the glass surface.
It has been found essential to grind the surface of the washer flat
and stick it down to the glass with resin. Without these

\

precautions specimens fail spontaneously (by the familiar cone-cracking

of the glass) during immersion in water.

b) High.Tg resin (3M's S§P 250). Also suitable for low Tg resins
Even the above precautions have failed to yield intact specimens
using SP 250 resin. The thermal contraction stresses referred to
earlier are of course proportional t6 (Tg - Ta) where Tg is the
glass transition temperature and Ta is the ‘ambient temperature. A
high Tg thus automaticaliy leads to large sﬂér stresses tending
to rip the glass substrate apart.

An alternative approach has therefore been adoptgiforhigh
Tg resins, and is shown in Fig.4. A thin layer of resin is sandwiched
between two glass sheets, with the penny-shaped crack established as
usual by the inclusion of a thin PTFE disc. The layer of resin is
now, however, no thicker than the disc, itself, so that crack
initiation may occur at upper or lower resin interfaces. The formula

giving © from the critical pressure will have to ke modified for this

form of test piece, but we do not anticipate difficulty in doing this




—
’: since most of the 'far field' contribution to the energy release
}‘ rate [1] will come from the upper glass sheet. .
Test pieces of this design using SP 250 have now been successfully
! . tested and provide thé added bonus that, because the resin layer is
thin, transparency is preserved allowing crack propagation rates io

be neasured photographically as before.

4. ANAYLYTICAL INFORMATION

This information has been published already [1,2], but is

repeated here for the reader's convenience.
A}

The fracture energy for cohesive fracture of the resin is Aehoted
24, this being the energy required to create unit area of fresh crack
plane consisting of two identical surfaces (hencé the factor tﬁd).
E For the A-S test configuration, |

P 2 c

C .
2 = EEITE7ET (1)

E . : wlere Pc is the critical pressure, c is the radius of the artificial

By

penny-shaped crack, E is the Young's moQulus of the resin and fi is
a complicated function of ¢ and h (the height of resin above the
 ;;;ck) given in references [1,2].
2 . When cohesive fracture ;ccurs it has the form of a cone crack
propagating upwards into the resin and expelling a truncated;conical
section of resin.

After joints have been weakened by exposure to water, failure

becomes interfacial, the crack propagating wholly or partly along

the interface between suvbstrate and adhesive. In this case we
calculate the adhesive fracture energy, O, which is analogous to

2Y¥ . The formula for O is

P 2 <

[ o]
° Ef, (h/c) (2)

i.e. the same forrula-as for 2¥ - except -that—-fr-ée—:—r_e-:.—j-by a grmsiar -

’
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function f2 which differs in that it takes account of the proximity
of the rigid substrate to the fracture front.

Accordipg to generalized fracture mechanics theory [3],

!

24 =2 50 ¢ (¢,T) (3)

e =06, ¢ (&m - ' (4)

where 2 U; and Oo are respectively the cohesive and adhesive interfacial
energies [2,4] and ¢ is the 1éss function for the resin. By plotting
log 2Y¥ or log O against ¢ curves are thus obtained which reflect

the variation of & with ¢ du» to visco-elastic and plastic energy
losses, and which are displaced from one_gnqghereiong the log © axis

!
by distances equal to log(Ool/Goz) whera Ool' e , are the releyant

o
65 values for any two curves being compared.

Provided, therefore,® does not vary with time of immersion in
water it is possible:-
a) to obtain a mas£er curve from all data ét a given temperaturec by

shifting curves along the log O axis.

b) to obtain a 00 value for each time and condition of immersion.
T Relative 00 values are obtained directly from the shifté; absclute
-

values require a knowledge of 2 30 which has been obtained

previously for Epikote 828, though not yet for SP 250.

'¢) In consequence of (b) to determine the manner in which Oo, which is

the interfacial atomic interaction energy, varies with time,
temperature and environment.

-

5. RESULTS
Figure 4 shows data for Epikote 828 bonded to float glass (cleaned
only in water and acetone) and immersed for different pericas of tirce

o
in tap water at 80 C. As the time of immersion increases from zero

to 20, 40 and 100h, the curve of 2 or O against ¢ falls progressively

as shown. The data were plotted logarithmically and a raster curve




-— constructed as shown in Fig. 6. This master curve is very similar

to that obtained for the same epoxy resin bonded to titanium. With

.

the epoxy-titanium system it was observed that the peak in the curve

shifted to higher velocities as water was absorbed over the first 60h

or so. At longer immersion times the peak remained at about 40 n/s.

None of the immersion times used here exceeded 100h, and it is not
surprising to find that the peak occupies an intermediate position around
30 m/s with some evidence of a graduate shift with time as observed
‘previcusly. The loss function ¢ thus appears to behave independently of
the nature of the substrate, whether metal or glass, as is of course
expected from theory.

{ Figure P shows the bchaviour of the atomic interaction pa;aﬁeter

(or interfacial energy) Oo' This gquantity is obtained from the:shifts
required to superimpose data on to a master curve, together with a value
ot the intrinsic cohesive fracture energy 2 Yy, obtained from calculaticn
and cohesive fracture measurements on the epoxy resin above its Tg [5].

The data for the immersed specimens show a logarithiric dependence

of 00 upon time, indicative of a first order chemical hydrolysis reaction,

- dao

o = -
— i k Go (.5)

with a rate constant k = 3:7.10—2 h_l (at BOOC and neutral pﬁ); This is

about six times larger than the comparable rate constant for the same
_resin bonded to titanium metal, indicating a faster hydrolysis reacticn
and thus, probably, a different form of interfacial bonding.
“The extrapolated value of Oo at zero time of immersion is 4.37 Jm_z,

significantly larger than the value of 2.59 Jm~2

for 270 in dry resin {5].
This, of course, azcounts for the dry specimens breaking cohesively and

suggests that the beginnings of adhesive mode failure should be observed

: : (] . . . . . .
after about 15 h immersion at 80 C which is in line with observation.




o A .-

o

Insufficient results have yet been obtained with the SP 250 resin
to reproduce them here. Before doing so, in any case, it will be
necessary to ascertain what effect, if any, is caused in the loss function
® by the sandwich specimen geometry which has had to be adopted for this
material. This will be done using Epikote 828 in sandwich specimens
for comparison with thé normal cast specimens. Current work is thus
directed towards this end as well as to ascertaining the effects of

coupling agents on the durabiiity of the Epikote B828/glacs system,

1)

i
i
}
i
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CAPTIONS TO DIAGRAMS

Fig. 1 Original specimen design for the A~S test. Circular sympetry
aboét A-A; B pﬁfe disc; D orifice; E base block/substrate; ?
F resin. |

Fig. 2 lodified design for epoxy resins on glass, showing steel washer
introduced to carry the maximum shear stresses.

Fig. 3 Specimen as in Fig., 2 vfewed by transmitted liéht between crossed 3

polars and showing stress-optical fringes due to shear stresses

at interface. \

Fig. 4 Sandwich specimen for high Tg resins, showing; A glass substratc;

t
B glass cover plate; C resin; D ptfe disc; E ptfe spacers.
Fig. 5 Fracture energy versus crack velocity for Epikote 828 bonded to
float glass after immersion in water at 80°C for the times i

indicated.

RS-

i

Fig. 6 Master curve constructed from log-log plots of the data from

Fig. 5.

1 Fig. 7 Variation of log Oo with time of immersion. Fiiled point is

T~ cohesive (2:[0) value.
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